The photosynthetic bacterium Rhodobacter capsulatus produces hydrogen under nitrogen-limited, anaerobic, photosynthetic conditions. The present study examined whether R. capsulatus can produce hydrogen under microaerobic conditions in the dark with limiting amounts of O 2 and fixed nitrogen. The relationship between hydrogen production, different O 2 concentrations and carbon sources as well as two different N sources, glutamate and ammonium, were studied in batch culture using a Hup strain of R. capsulatus. The effect of different O 2 concentrations, ranging from 0.5 to 20%, on hydrogen production was examined in dark batch cultures of R. capsulatus grown on RCV medium. Different carbon sources, e.g. glucose, succinate, lactate, acetate and malate, were used at various concentrations (20 -40 mM). Similarly, different concentrations of glutamate and ammonium (2-9 mM) were examined for optimum microaerobic dark hydrogen production. Maximum hydrogen production was observed at an O 2 concentration of 4-8%. There was a highly positive correlation between O 2 and growth (r 2 ¼ 0.67), whereas O 2 concentration and hydrogen productivity were negatively correlated (r 2 ¼ 20.3). Succinate (25 mM) together with glutamate (3.5 mM) gave the highest specific hydrogen productivity [5.61 mmol hydrogen/(mg cell dry weight/ml)]. The maximum average hydrogen yield was 0.6 mol hydrogen/mol malate followed by 0.41 mol hydrogen/mol lactate, 0.36 mol hydrogen/mol succinate, whereas minimum amounts of hydrogen were produced from glucose and acetate (0.16 mol hydrogen/mol and 0.07 mol hydrogen/mol, respectively). The implications for developing a system capable of improved hydrogen production are discussed.
INTRODUCTION
Dark fermentative hydrogen production is one of the promising approaches for biological hydrogen production using anaerobic or facultative anaerobic bacteria. The major advantages in using this process include no light input, possible simultaneous waste treatment and simple reactor technology [1, 2] . Despite these features, there are major obstacles to practical development of this process since fermentative hydrogen yields are limited metabolically to 4 mol of hydrogen per mole of glucose while theoretically 12 mol of hydrogen could be produced from 1 mol of glucose [3, 4] .
Low hydrogen yields result from incomplete oxidation of organic compounds, and the need to produce large amounts of reduced compounds to maintain redox poise within the metabolic pathways. Complete oxidation of organic compounds is thermodynamically unfavorable due to various factors, including the oxidation state of the substrate and redox potential equilibrium. Additional energy is required to drive H 2 production from substrates with low negative redox potentials [2, 5] . One process that can be used for this purpose is photofermentation of organic compounds using photosynthetic bacteria where light energy is converted into chemical energy which can then be used for reverse electron transfer, thus releasing more electrons and protons from the feedstock [2, 6] . However, using a photofermentation approach for hydrogen production is not currently cost-effective since it suffers from low light conversion efficiencies, low hydrogen production rates and a requirement for expensive hydrogen impermeable photobioreactors [5, 7] . In the present work, we examine the hypothesis that oxidative phosphorylation might provide the required reducing energy instead of photophosphorylation.
Oxidative phosphorylation is a metabolic pathway that uses the free energy released by the oxidation of nutrients to produce a proton gradient that can then be used to produce adenosine triphosphate (ATP). Maximum energy is generated when the TCA cycle is induced upon exposure to O 2 , allowing complete substrate degradation and production of large amounts of NADH, donor to the aerobic respiratory chain [8, 9] . The enzymes involved in hydrogen production, whether nitrogenase (N 2 ase) in photofermentation processes, or hydrogenases in dark fermentation processes, are extremely sensitive to O 2 [10] . Based on the principal of using metabolic energy to drive extra hydrogen production in dark fermentative process, we are testing whether microaerobic fermentation, using a small amount of respiration with oxygen, could furnish energy for hydrogen production while at the same time avoiding the destruction of the enzymes involved in proton reduction; nitrogenase and hydrogenases. A scheme for hydrogen production using photosynthetic bacteria cultured in the dark under microaerobic condition is presented in Figure 1 . Nitrogenase is the key enzyme functioning in hydrogen production in the photosynthetic bacteria. N 2 ase requires a great deal of chemical energy, ATP and low potential electrons, to drive reduction of protons to hydrogen. Although the required energy is commonly provided via photophosphorylation, the present work was undertaken to assess whether microaerobiosis could provide the required energy for nitrogenase activity. This would involve reverse electron transport to release electrons from the feedstock.
During fermentation, bacteria convert substrates such as glucose or other carbon sources to energy for growth and maintenance, producing products such as organic acids, alcohols and hydrogen according to their metabolic pathways. Maintaining a proper C/N ratio is thought to be necessary to optimize anaerobic hydrogen production [11] . Therefore, it was important in the present study to investigate the effect of different concentrations of carbon (C) and nitrogen (N) sources on bacterial growth and hydrogen production under dark microaerobic conditions.
MATERIALS AND METHODS

Bacterial strain and culture conditions
A purple non-sulfur (PNS) photosynthetic bacterium, Rhodobacter capsulatus, capable microaerobic nitrogen fixation was used to demonstrate microaerobic hydrogen production using batch cultures under dark conditions. The R. capsulatus strain, JP91 [12] , a markerless hup derivative (IS21 insertion in a hup gene) of the wild-type strain, B10 [13] , was kindly provided by Dr. John Willison. Precultures were made in screw cap tubes filled with RCV supplemented with sodium lactate and ammonium sulfate as carbon and nitrogen sources. The tubes were incubated at 308C in a light chamber for optimum growth. Then, cells were washed, collected by centrifugation at 5600 g for 4 min, and resuspended in RCV medium without carbon and nitrogen sources for further experimental investigation.
2.2 Screening of optimum parameters for microaerobic dark hydrogen production 2.2.1 Oxygen concentration JP91 was cultured in RCV medium supplemented with succinate (25 mM) and glutamate (2 mM). The cell density was adjusted to 0.05 mg cell dry weight (CDW)/ml. Different amounts of oxygen were injected into sealed tubes to obtain concentrations ranging from 0.5 to 20%. The tubes were incubated in the dark at 308C for a maximum of 7 days. Gas sampling to check hydrogen production was done every 24 h.
Carbon source
Examination of the effect of various concentrations of different carbon sources on hydrogen production was done using glucose, succinate, lactate, acetate and malate at concentrations ranging from 20 to 40 mM. The supplemented cultures were incubated under microaerobic dark conditions. Oxygen was injected into each tube to provide microaerobic conditions (8% O 2 ). Glutamate (2 mM) was used as a nitrogen source. Figure 1 . Schematic representation of microaerobic dark fermentative hydrogen production by N 2 ase. ATP produced via oxidative phosphorylation could be harnessed to drive the reverse electron transport chain required to release more electrons and protons from the feedstock as well as nitrogenase activity required for reduction of protons to hydrogen.
Nitrogen source
Different concentrations of sodium glutamate and ammonium sulfate (2 -9 mM) were examined for maximum hydrogen production under microaerobic dark conditions (8% O 2 ). Twenty-five-millimolar succinate was used as a carbon source.
Analytical procedures
The CDWs of cultures were calculated using a CDW standard curve. Rhodobacter capsulatus JP91 cell suspensions of different biomass concentrations [optical density at 600 nm (OD 600 )] were placed in pre-weighed plastic eppendorfs, centrifuged and the pellets were dried at 1008C until the weight remained constant. The dried tubes were weighed, and a CDW versus OD standard curve was developed which gave a linear relationship between OD and CDW.
Hydrogen gas accumulated in the head space was detected using a gas chromatograph (Shimadzu GC-8A) equipped with a thermal conductivity detector, a 1 m column packed with molecular sieve 5 A and argon as carrier gas. Bacterial growth was determined by measuring the OD 600 using a double-beam spectrophotometer (Shimadzu). High-performance liquid chromatography (HPLC) analysis of the organic acids in the culture media were carried out using a Beckman-Coulter HPLC Gold system, a model 126 solvent module, a model 168 UV spectrophotometric detector. The 32 karat software (Beckman-Coulter) was used to analyze the recorded HPLC spectra. Glucose concentrations in the culture media were measured using a glucose oxidase assay [14] .
Detection of nitrogenase activity and N 2 ase proteins
Nitrogenase activities of samples were determined by acetylene reduction assay as described previously [15] . The in vivo nitrogenase activity of the microaerobic cultures was detected under dark and light conditions in a shaking water bath maintained at 308C. The concentration of ethylene present in the gas phase was determined using gas chromatography. Results are presented as the total amounts of ethylene produced per vial. Immunoblotting with chemiluminescence detection was performed to detect N 2 ase Fe and Mo -Fe proteins as described previously [16] . Samples were anaerobically withdrawn from the test vials into 3Â sample buffer and quickly frozen at 220 for further analyses [sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting].
Statistical analyses of data
Data are presented in terms of mean, standard deviation and standard error using the data analysis tools of Microsoft Excel and SPSS version 17. K-related samples analysis and correlation analysis tests were used to test the significance between variables at P , 0.05. Statistics were also performed using the data tool of SPSS version 17. P-value was set at ,0.05 for significant results and ,0.01 for highly significant results. Correlation bivariate analysis was used to find the correlation between continuous quantitative data. The r 2 value was Pearson's correlation coefficient, which measures the strength of the relation between the studied variables.
RESULTS AND DISCUSSION
Growth and O 2 concentration were directly proportional until growth started to decline at high O 2 concentrations (.20%; data not shown). A highly positive correlation was observed between the growth and O 2 concentration (r 2 ¼ 0.7) (Figure 2 ). On the other hand, there were negative correlations between O 2 concentration and the total amount of H 2 as well as specific H 2 productivity (r 2 ¼ 20.28 and 20.3, respectively). The maximum specific H 2 productivity was obtained at 4, 5 and 6% O 2 , 5.32, 5.42 and 5.22 mmol/(mg CDW/ml), respectively ( Figure 2 ). Previously, it was reported that addition of small amounts of oxygen stimulated hydrogen production under low light conditions by the marine non-sulfur photosynthetic bacterium, Rhodovulum sp. [17] . However, the results reported in the present study represent the first report of dark microaerobic hydrogen production. The results shown in Figure 7 show that nitrogenase is active under these conditions, consistent with a previous study that examined the activity and expression of nitrogenase in R. capsulatus in the presence of oxygen under dark and light conditions and which concluded that high oxygen concentrations, although influencing enzyme activity, do not inhibit N 2 ase expression [18] .
The effects of different concentrations of carbon sources on growth and hydrogen production were also examined ( Figure 3) . The maximum growth was observed with supplementation of glucose (20- and the relationship between C/N ratio and H 2 production. In a previous study where acetate was used as a carbon source for hydrogen production by photosynthetic bacteria, the acetate concentration was found to strongly affect H 2 production and biomass concentration with a decrease in acetate from 22 to 6 mM resulting in an 87% decrease in the hydrogen evolved [19] .
The optimum carbon source and concentration for producing hydrogen in this study was succinate at 25 mM where hydrogen productivity reached 3.7 mmol/(mg CDW/ml). Lactate gave a broad maximum H 2 productivity within a range of different concentrations. Therefore, variations in both the kind of carbon sources and its concentration considerably influence microaerobic hydrogen production by nitrogenase. Different carbon sources with different oxidation states could cause variation in electron flux to nitrogenase and therefore influence hydrogen production [20] .
Relative hydrogen production from different substrates has been examined to some extent using photosynthetic bacteria under photofermentative conditions. In fact, rates of hydrogen production and relative yields vary with substrate and the variation is different with different species. A previous study has shown that, for R. capsulatus, the photosynthetic bacterium used in the present study, lactate gave higher H 2 production rates than either malate or succinate (acetate was not tested) [21] . However, as this is the first report of microaerobic hydrogen production by a photosynthetic bacterium in the absence of light and photosynthesis, it is not clear to what extent the results of the present study can be compared with previous studies. It is very likely that metabolic pathways, and certainly metabolic fluxes, are different under respiratory conditions. A fuller understanding of the differences observed here will require more detailed analyses, including metabolic flux analysis.
The nature of the nitrogen source and its concentration is one of the major factors influencing total bacterial biomass and hydrogen production. Thus, the influence of the nitrogen source on growth and hydrogen production was examined in some detail. As might be expected, growth increased with increasing concentrations of nitrogen source irrespective of whether the nitrogen source examined was glutamate or ammonium as confirmed statistically with high positive correlations between growth and concentrations of glutamate and ammonium (r 2 ¼ 0.93, 0.94, respectively) ( Figure 4 ). However, even though growth was well supported at different concentrations of fixed nitrogen, hydrogen production was sensitive to the concentration of glutamate and ammonium with maximum H 2 production at 3.5 mM glutamate [5. 61 mmol/ (mg CDW/ml)] or 4.0 mM ammonium [4.11 mmol/(mg CDW/ml)] (Figure 4) . Negative correlations were observed between hydrogen production and growth (r 2 ¼ 20.43, 20.54), as well as hydrogen production and ammonium concentrations (r 2 ¼ 20.464). Similar observations were made previously with R. capsulatus cultured either as resting cells (no nitrogen source) or growing cells (3.5 and 7.0 mM glutamate) under light conditions [22] . These results highlight the fact that an increase in glutamate concentration increases the growth rather than H 2 production.
In general, a proper C/N ratio is critical in the optimization of anaerobic hydrogen production from organic substrates since under these conditions microorganisms utilize 25 -30 times more carbon than nitrogen [23] . For example, one study of limiting factors in hydrogen fermentation by different strains of Escherichia coli found that limitation for phosphate or sulfate had little effect whereas strains showed the highest hydrogen yields when cultured at limiting concentrations of either ammonia or glucose [11] .
Hydrogen yields were determined for cultures that had been grown at optimal C source concentrations for hydrogen production by measuring residual substrate using HPLC and then calculating the hydrogen yield based on substrate utilization ( Figure 5 ). Maximum average hydrogen yields were 0.6 mol hydrogen/mol malate followed by 0.41 mol hydrogen/mol lactate and 0.36 mol hydrogen/mol succinate. Yields with glucose and acetate were low; 0.16 and 0.07 mol /mol, respectively.
It is well known that PNS bacteria can grow anaerobically and produce hydrogen from reduced substrates such as organic acids but in our study we investigated the growth and hydrogen production under microaerobic conditions on organic acids as well as glucose. It is to be expected that different metabolic pathways might be used under microaerobic conditions when compared with anaerobic conditions. However, the yields of hydrogen obtained in this study are to some extent consistent with most studies carried out under anaerobic phototrophic conditions. Many previous studies have used malate as a model substrate for light-driven hydrogen production by photosynthetic bacteria. For example, malate was found to be a most suitable substrate for the hydrogen production using Rhodobacter sphaeroides O.U.001 [24 -26] . In our study, the best hydrogen yield was obtained when malate was used at 20 mM together with 2 mM glutamate. Likewise, a previous study showed that the best C/N ratio of malic acid and glutamic acid was 15:2 mM [27] . Lactate and malate are often used for comparing productivity by different strains as they are the most widely used carbon sources for H 2 production [27, 28] .
The lowest hydrogen yields in this study were obtained when glucose and acetate were used as substrates. Likewise, it has been concluded from a recent study that the hydrogen production yield from acetate of R. sphaeroides RV was lower than that from lactate [29] . Moreover, hydrogen production from glucose by pure and co-cultures of Clostridium butyricum and R. sphaeroides have been studied in batch cultures where it was shown that pure cultures of R. sphaeroides produced hydrogen at lower rates than C. butyricum [30] . In fact, in co-culture systems, R. sphaeroides could not compete with C. butyricum for glucose even at 5.9 times higher cell numbers. In co-culture systems, R. sphaeroides uses the acetate and butyrate produced by C. butyricum as substrates for hydrogen production [30] .
Hydrogen production by photosynthetic bacteria is through the nitrogenase enzyme system and requires large amounts of ATP and high-energy electrons as well as limitation for fixed nitrogen. However, the regulation of nitrogenase under dark microaerobic conditions has been little studied. Therefore, it was worthwhile to examine the levels of nitrogenase enzyme present and its activity under different conditions. It has been reported in previous studies that high concentrations of ammonium inhibit the nitrogenase enzyme by down-regulating expression of the nitrogenase genes and inhibiting enzyme activity. Inhibition is reversible and nitrogenase activity is recovered after depletion of ammonium [31 -33] . Yield of hydrogen on different C sources. Average hydrogen yields of three sets were calculated (mean + SE) for cultures grown on optimum concentrations of different C sources for H 2 production; 20 mM glucose, 25 mM succinate, 35 mM lactate, 40 mM acetate and 20 mM malate were used as C sources whereas glutamate 2 mM was used as an N source.
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International Journal of Low-Carbon Technologies 2012, 7, 97-103 101 expression of N 2 ase proteins whereas various concentrations of different carbon sources had no effect ( Figure 6 ). These results strongly suggest that the decline in hydrogen production with increasing concentrations of fixed nitrogen noted in the experiments depicted in Figure 4 are due to the decreased synthesis of nitrogenase, as shown in Figure 6 .
It was also of interest to measure nitrogenase activity under controlled conditions by its ability to reduce acetylene to ethylene. N 2 ase activities of the microaerobic cultures were measured under two different conditions; in the dark with the same oxygen concentration as used for growth, and anaerobically in the light (Figure 7 ). Activity was much higher ( 10-fold) in the light, suggesting that the activity of nitrogenase in the dark microaerobic cultures was severely limited for supply of ATP and/or low potential electrons. Thus, the hydrogen production observed here under dark microaerobic conditions was not limited by the amount of nitrogenase present and suggesting that, at least in theory, substantially more H 2 could potentially be obtained under microaerobic dark conditions by optimizing operational conditions such that the enzyme present receives substantially more ATP and/or reductant.
A similar conclusion was reached in a previous study that examined the response of R. capsulatus to the addition of NH 4 þ under dark microoxic conditions. Different nitrogenase activities were found when the cultures were incubated in the dark than with light incubation, with activity being higher in the light [33] . It was suggested that the lower activity under dark microaerobic conditions was due to a lack of sufficient ATP generation. Future work will be aimed at establishing optimal culture conditions to maximize the use of the TCA cycle for generating greater electron flux and ATP generation required for optimum nitrogenase activity.
CONCLUSIONS
Microaerobic dark fermentation may be one way to improve hydrogen yields. Here we have shown that under the experimental conditions used the optimal O 2 concentrations for microaerobic hydrogen production are between 4 and 8%. The impact of carbon and nitrogen sources on hydrogen production were examined, and it was found that maximum H 2 productivity was obtained when succinate (25 mM) and glutamate (3.5 mM) were used as carbon and nitrogen sources. On the other hand, the highest hydrogen yield (0.6) was obtained when malate (20 mM) was used, whereas acetate gave the lowest value. Moreover, under microaerobic conditions, the optimum conditions for growth are different from that for H 2 production; a similar conclusion had been reported in previous study of photoheterotrophic hydrogen production [34] . Oxygen concentration and C/N ratio limit nitrogenase activity, which in turn influences H 2 production. The technical challenge going forward is to establish operational conditions for maximum H 2 yield, perhaps through the use of continuous cultures. Figure 6 . Effect of different concentrations of sodium glutamate (a), ammonium sulfate (b) and succinate (c) on the expression of N 2 ase proteins. In (a) and (b), the media contained 25 mM succinate with the indicated a nitrogen source and in (c) the media contained 2 mM glutamate with the indicated concentrations of succinate. High concentrations of both sodium glutamate and ammonium as N sources negatively affect N 2 ase protein expression, whereas variation in the concentration of succinate has no effect. Nitrogenase proteins were visualized by immunoblotting. Samples were anaerobically withdrawn from test vials, subjected to SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were reacted with a mixture of polyclonal antibodies to the Mo-Fe and Fe nitrogenase proteins of R. capsulatus and visualized with chemiluminescence detection. . N 2 ase activity of microaerobic cultures under the same conditions as used for hydrogen production studies (a) and under optimum assay conditions (b). N 2 ase activity under optimum assay conditions (light, anaerobic) was 10 times higher than that under culture conditions (dark, microaerobic). Results are given as total nanomoles of ethylene produced per vial. Each vial contained 5 ml of culture (OD ¼ 1.13).
